The five predominant types of rDNA repeats in JJ. melanogaster were analyzed with respect to their DNase I sensitivity. Only the insert-free repeats showed a generalized DNase I sensitivity pattern whereas the major type I, both minor type I and type II repeats were not as extensively degraded by the nuclease. For XX and XY embryonic nuclei, where there is rapid cell division, the majority of the In" repeats were DNase 1 sensitive. This indicated that these In" repeats have the potential to be transcribed during this developmental stage. When compared to the In" repeats, the chromatin configuration of the In + repeats is indicative of a higher order of chromatin folding. The paucity of In + primary gene transcripts observed in vivo could result from In + repeats being packaged into a more condensed form of chromatin.
INTRODUCTION
Genes active in a particular cell type are packaged into a more open chromatin configuration than inactive genes (1, 2, 3) . Digestion of transcriptionally active chromatin with DNase I or micrococcal nuclease is faster than digestion of inactive chromatin. Data from many species shows that the domains of the nuclease sensitivity include the structural gene and discrete sites at or near the 5' end of the structural gene. These 5' sites are extremely sensitive to DNase I and are named the DNase I -hypersensitive sites (*, 5).
The fruit fly's rRNA transcription unit within the repeat unit consists of a 5' external transcribed spacer (ETS), the 18S coding gene, an internal transcribed spacer coding for the 5.8 and 2S rRNA species and the 3' 28S gene (6) . The nontranscribed spacer (NTS) lies adjacent to the 28S gene and contains a number of tandemly repeating 'Alu I 1 islands (2*0 bp in length) upstream from the transcription initiation site (7) . The promoter region for RNA polymerase I is adjacent to the 5' end of the ETS and shares sequence homologies with the upstream 'Alu I' islands (8) . These islands serve as sites for infrequent transcription initiation as shown by short "prelude 1 transcripts (9) . In Xenopus, comparable upstream 'islands' contain sub repeat regions which enhance transcription of the rDNA unit (10, 11) . The most upstream 'island' is DNase I-hypersensitive (12) .
The nucleolus organizer region (NO) of D. melanogaster contains about 206-228 ribosomal DNA repeat units on each of the X and Y chromosomes (13) . About 73% of the X-NO repeats (In + ) contains an intervening sequence in the 28S rRNA gene (14) . These insertion sequences vary in size and in sequence. For X-NO repeat units, the type I inserts are divided into size classes of 5.0, 1.0 and 0.50 kb (kilobases) and are present in approximate amounts of 40, 12 and 5%, respectively. Sequences homologous to the type I inserts are located outside of the X-NO region in the centric heterochromatic region where they are arranged as tandem repeats (15, 16) . Type 11 inserts are non-homologous to type I, ranging in length from 0.50 to 3.4 kb; they are present in about 16% of the X-NO repeats. The Y-NO has type II inserts in 16% of its repeats and the remaining repeats are insert-free (In").
Neither the major type 1 (17) , minor type I (18) or type II (18, 19) repeats are significantly transcribed in vivo. Less than one copy of major type I rRNA per nucleus is present while more than 1000 rRNA transcripts from the In" repeats are detected. The concentration of transcripts from either the minor type I repeats or type II repeats also contributes insignificantly to the rRNA pool. Even under conditions in which there is a strong pressure to use all the available rDNA repeats, as in bobbed (large deletions of rDNA) flies, transcription of the In + repeats occurs infrequently (20) . These results concur with the absence of active In + repeats in
Miller spreads of nucleolar chromatin in D. hydei (21) . However, In" and In + repeats have identical sequences surrounding the initiation site (22) and are equally active as templates for in vitro transcription (23) . This suggests that the In + repeats in vivo may exist in a chromatin configuration which inhibits transcription. Previous evidence indicates that the ln + repeats of p_. melanogaster are contained in a large block(s) distinct from the In" repeats (14) . In C. erythrocephala, In + repeats are localized to inactive heterochromatin associated with the NO (24). The in vivo inactivity of In + repeats of D. melanogaster may be due to their distinct chromosomal location and chromatin configuration.
In this paper, we have compared the nuclease sensitivity of the chromatin of the In" and In + II repeats in actively dividing embryonic tissue. By using a wide range of DNase I concentrations, the In" repeats were preferentially sensitive to digestion which suggests that the In + repeats are contained in a more compact chromatin configuration than the insert-free repeats.
MATERIALS AND METHODS Drosophila stocks. D. melanogaster cultures were reared at 25°C on a standard cornmeal, molasses, agar and yeast medium. The wild-type Oregon-R strain originated from an isogenic line of flies. The X nucleolus organizer region has about 228 rRNA repeats and the Y-NO about 206 repeats (13) . Eggs were collected by mating XY males and XX females in a large population cage. Isolation of nuclei and DNA.
Zero to twenty-four hr old embryos were harvested and dechorionated with a 50% Chlorox, 0.01% triton X-100 (Kodak) solution for 5 min. Nuclei were extracted by a modification of the procedure of Fisher et ah (25) . All operations were performed on ice. One ml of distilled water washed, dechorionated, packed embryos (4-5.0 x 10* individuals) were suspended in 10 ml of extraction buffer containing 50 mM NaCl, 5 mM MgCl 2 , 250 mM sucrose, and 50 mM Tris-HCl (pH 7.5). The suspended embryos were disrupted in a Dounce homogenizer (six strokes, pestle A) and filtered through two layers of Miracloth. The homogenized embryos were centrifuged at l OOOg for 10 min. The crude nuclear pellet was resuspended in 5 ml of extraction buffer and centrifuged again at l OOOg for 10 min. The pellet of purified nuclei was then suspended in 1 ml of 20 mM Tris-HCl (pH 7.5) and 5 mM MgCl 2 . The purified nuclei were either immediately used or quickly frozen in liquid nitrogen for later use. Fresh and frozen samples of nuclei showed no significant nuclear disruption when examined under phase-contrast light microscopy.
High molecular weight protein-free DNA for the control experiments was prepared by the Blin and Stafford method (26) . XX and XY embryos were ground in a mortar and pestle (at -70°C) containing liquid nitrogen. The powdered eggs were suspended in 0.5% Sarkosyl, 100 ug/ml proteinase K and 0.5 M EDTA (pH 8.0) and incubated for 3 hrs at 50°C with swirling. Three gentle chloropane extractions (equal volumes of water-saturated phenol, pH 8.0, containing 0.1% 8-hydroxyquinoline and chloroform) were carried out and the DNA solution dialyzed extensively against 0.01 M EDTA, 0.01 M NaCl and 0.05 M Tris (pH 8.0). Heat treated RNase A (100 ug/ml) was added and the RNA digested for 3 hrs at 37°C with swirling. Two additional chloropane extractions were done followed by two ether extractions. The DNA solution was then dialyzed against 10 mM sodium borate and 1 mM EDTA (pH 9.1) and stored at -70°C. DNase I digestion.
DNase I (Boehringer-Mannheim) was used in concentrations ranging from 0 unit/ml to 10 units/ml following the procedure of Shermoen and Beckendorf (5). Appropriate concentrations of DNase I were adjusted in 25 ul of digestion buffer (60 mM KC1, 15 mM NaCl, 100 mM MgCl 2 , 0.1 mM CaCl 2 , 15 mM Tris-HCl (pH 7.*) and 0.5 mM dithiothreiotol). 25 ul of purified nuclei (containing 25 ug DNA) were adjusted to a volume of 175 JJI in 60 mM KC1, 15 mM NaCl, 0.05 mM CaCl 2 , 0.1 mM EDTA, 0.5 mM dithiothreitol, 0.25 mM sucrose and 15 mM Tris-HCl (pH 7 A). DNase I in the digestion buffer was added to the nuclear suspension and digestion was allowed to proceed at 25°C for 3 min. Digestion was terminated by the addition of 20 ul of 0.5 M EDTA. Nuclei were disrupted by adding SDS to a final concentration of 0.5% followed by gentle vortexing. The DNA was isolated by digesting overnight with 70 ug/ml of proteinase K (Boehringer-Mannheim) at 37°C followed by extraction twice with chloropane and twice with ether. The aqueous phase was made 2.5 M in ammonium acetate, tRNA was added to a concentration of 25 ug/ml and the DNA was precipitated in 2.5 vol of ethanol overnight at -20°C. Purified DNA was digested with both Bam HI and EcoRI obtained from Boehringer-Mannheim following the manufacturer's protocol. RNA was removed prior to loading on a 0.8% gel by using heat treated RNase Tl (1 unit/ml) and RNase A (0.05 ug/ml) and incubating at 65°C for ten min. Our size standard was Drigest III obtained through New England Biolabs. Southern transfers.
Electrophoresis was performed on 0.8% agarose gels and the DNA transferred to Gene Screen nylon filters (NEN) following the manufacturer's protocol. The filters were probed with 32 P-dCTP nick translated plasmids pBW <*16, *23, C2 and C2^ ( Figure 1 ). The probes were used either separately or in combination. All nick translation enzymes were obtained through Boehringer-Mannheim. A specific activity of 3 -10 x 10' cpm/ug DNA was obtained. Hybridizations were done as previously described (1*). The filters were air-dried, sealed in plastic bags and autoradiographed at -70°C with Kodak XAR-5 film overlaid by a Du Pont Cronex Lighting Plus intensifying screen. The film was preexposed to a change of OD^Q of 0.15 (27) to ensure sensitivity in the linear response range. The autoradiographs were scanned with a Kraton SD 3000 spectrodensitometer interfaced with a HewlettPackard 3390A integrator. Many autoradiographic exposures per filter were scanned to allow determinations within the linear response range. The filters were later stripped by immersion in 95°C distilled water for 10 min and reprobed.
RESULTS AND DISCUSSION
Restriction endonuclease EcoRI has one cleaveage site in the 18S coding region of each rDNA repeat unit and three sites in the type II 28S insertion. BamHI has two cleavage sites about one kb apart in the major type I insertion, two sites in the 1 kb minor type I insertion, one site in 0.50 kb minor type I insertion and no sites in In" repeats or type II insertions. Digestion of rDNA with EcoRI and BamHI (Figures 1 and 2 ) generates a 12 kb band composed solely of In" repeats. Thus the DNase I sensitivity of the transcriptionally active In" repeats can be determined. In addition, the double digestion separates the various In + repeat types (major type I, In" repeats are undigested by BamHl and give EcoRI fragments of 12 kb in length. The tandemly repeated non-nucleolar type I elements, heterogenous in length and sequence, are cleaved by BamHl to give fragments about 4 kb in length (15) . DNA digested with EcoRI/BamHI and hybridized with the type I insertion piasmids C2 and C24 showed bands about 4.0 kb (unpublished data). However, these non-nucleolar insert elements do not hybridize with either the pBW416 or 423 piasmids (14) . This ensures that the 5.4 and 4.5 kb bands hybridizing with pBW416 contain only the type II and minor type I (1.0 kb) repeats, respectively. The relative amount of each type of repeat from embryonic nuclei was determined by EcoRI/BamHI digestion of rDNA and probing with plasmid pBW 416 (Table 1) . Embryonic XX and XY protein-free DNA was digested with EcoRI/BamHI, separated on 0.8% agarose gels, Southern transferred and probed with types for equal amounts of XX and XY rDNA (13, 14) . Upon DNase I digestion, protein-free DNA showed "P-pBW 416 hybridizing material as a smear with the largest fragment being no greater than one kb in length (data not shown). The means and standard errors are given for at least four independent autoradiographs. Measurements were obtained from autoradiographs identical to the one in Figure 2 , lane 0. (Figure 4 ). This band represents the 3' ends of both the major and minor type I repeats. This supports the results shown in Figure 2 that the type I insert bearing repeats are less sensitive to DNase I digestion than the In" repeats. The finding that the In" repeats demonstrated a preferential sensitivity to DNase I digestion agrees with numerous in vivo transcriptional studies. Both type I and II insert-bearing repeats contributed insignificantly to the embryonic rRNA pool (17, 18, 19 These studies show a generalized DNase I sensitivity pattern for the In" repeats in D. melanogaster. The concentrations of DNA and DNase I used in these experiments were equivalent to those used on other rDNA systems (28, 29) where there was a generalized DNase I sensitivity pattern of transcriptionaily active rRNA repeats. In X. laevis and X. borealis, the transcriptionaily active rDNA repeats also have a DNase I hypersensitive site (12) . By utilizing the indirect end-labeling technique, the site mapped at the most upstream copy of the numerous transcription enhancer elements in the non-transcribed spacer. The experiments in this report do not determine if such DNase I hypersensitive sites exist for the D. melanogaster In" repeats.
Inactive rRNA genes are more resistant to DNase I digestion than active genes and demonstrate the typical nucleosomal ladder (29, 33) . Nucleosomes, the fundamental units of chromatin, are either rarely visualized or absent in the 18S and 28S sequences of actively transcribing genes (30) . The repeats are either activated for transcription and loaded at a high density with RNA polymerase molecules or they are transcriptionaily silent, since repeats having a few RNA polymerase molecules are rare (31) . Nuclease digestion of active genes did not show a regular nucleosome ladder for the transcribing regions (29, 32, 33) . Rather, a diffuse smear of fragments was seen suggesting that the nucleosomes are either absent or occupy different positions along the DNA. In contrast, the non-transcribed spacer region in transcriptionally active nucleoli in Xenopus showed nucleosomes packaged into a higher order chromatin form, the supranucleosomal structures (3*).
Our results indicate that the In + repeats of D. melanogaster are significantly less sensitive to DNase I digestion than the In" repeats. This supports the concept that the In + repeats are folded into a higher order chromatin configuration.
Restriction enzyme and genetic data suggest that the In + repeats are arranged as a large tandem linkage group(s) in the nucleolus organizer region (1*). The In" and In + repeats share a high degree of sequence homology between their 18S, 28S and NTS components, yet only the In" repeats are preferentially DNase I insensitive. Either the two types of inserts act in some way to confer folding into a higher order chromatin configuration or these repeats occupy a different chromosomal location and environment than the In" repeats. In support of the latter, genetic evidence (l<f) suggests that a large block of major type I repeats are localized in the proximal portion of the X NO region.
